Abstract-In this, paper we present performance results for a new duplex scheme, called Zipper, for DMT-based VDSL systems on copper wires.
I[. INTRODUCTION
Very high bit rate Dligital Subscriber Lines (VDSL) [l, 21 is the latest digital subscriber line technique for high speed communication on twisted copper wires. VDSL is intended to use larger bandwidth and achieve higher bit rates than its precursor, e.g. Asymmetrical Digital Subscriber Line (ADSL) 131 and High bit rate Digital Subscriber Line (HDSL) [4] . The standard for VDSL is currently being developed and is discussed in forums such as American National Standards Institute (ANSI) and European Telecommunications Standards Institute (ETSI).
A significant problem VDSL systems confront is near-end crosstalk (NEXT). This NEXT occurs when data is transmitted simultaneously in both directions, on the same frequencies, and on several wires in the same binder group. Systems that predominantly transmit in only one direction (such as ADSL,) experience mostly far-end cross-talk (FEXT), a markedly less severe problem than NEXT IS].
Avoidance of NEXT by dividing the channel capacity between the two directions has shaped t,he existing VDSL proposals. Time division duplex (TDD) [6] and frequency division duplex (FDD) 171 are two different proposals for dividing the capacity in t,ime and in frequency, respectively.
Recently we introduced a novel discrete multi-tone (DMT)-based [8] duplex scheme for VDSL, called Zipper [9] . Zipper uses different orthogonal sub-carriers in the upstream and downstream directions to divide the capacity, thereby avoiding NEXT. Using several orthogonal signals gives Zipper both variable capacity allocation and high ADSL compatibility. In this paper we eva.luate the performance of the Zipper duplex method. We calculate achievable bit rates for different scenarios consisting of different types of wires and noise sources. In particular we consider Zipper performance in a VDSL orily environment, in mixed VDSL and ADSL traffic, and with ETSI models for background noise and radio frequency interference (RFI).
Frequency

THE ZIPPER. DUPLEX METHOD
Zipper extends traditional DMT in two ways: 0 it uses different DIUT-carriers in different transmission directions (as shown in Figure 1 ) and 0 it adds a cyclic suffix (CS) to ensure orthogonality between the transmitted and received signal (as shown in Figure 2 ).
Zipper allocates different sub-carriers for the upstream and the downstream. A sample allocation scheme is sketched in Figure 1 . The allocation of the upstream and downstream sub-carriers can be done dynamically enabling runtime adaption of the bit rates. The upstream part of a transmitted DMT frame can be modeled as:
where Z , , is the index set for the upstream carriers, N is the total number of sub-carriers, C P is the length (in samples) of the cyclic prefix, CS is the length of the cyclic suffix and fs is the sampling frequency. Similarly the downstream part of the DMT frame has an index set Zd, , , that is complementary to I,, (or i3 subset thereof). Because Zipper transmits and receives simultaneously, the two network ends must be synchronized in both time and frequency in order to maintain orthogonality. As both the upstream and the downstream contribute to a received DMT frame, time synchronization is required to keep the signal contributions within one DMT frame. All transmitters in the access network (that may cause interference to each other) are synchronized to transmit simultaneously. Frequency synchronization between the two network ends is necessary to ensure the proper spacing between sub-carriers.
However, in addition to synchronizing the transmitters and receivers, we add a cyclic suffix to ensure orthogonality between the upstream and downstream signals, thus preventing NEXT and near echoes. Traditional DMT uses a cyclic prefix to preserve orthogonality between the carriers and prevent interblock interference [lo] , but Zipper adds an extra cyclic suffix to preserve orthogonality between the upstream and downstream carriers. Consider a network terminal. With the Zipper scheme, it simultaneously transmits and receives. So the network terminal is not only receiving its intended signal but also NEXT from nearby transmitters plus its own transmitted signal which appears as near echoes. In Figure 3 we sketch a NEXT impulse response together with the cable's impulse response. The desired signal is delayed A seconds due to the propagation delay, but the disturbing signal arrives almost immediately. The NEXT impulse response could also represent a near echo impulse response. A received signal at the central office can be ex- (2) where we have included only one NEXT disturber. The disturbing signal in (2) could also represent near echoes. Since the desired upstream signal is delayed, the fast Fourier transform (FFT) in the DMT receiver will use the part of the received signal,
as depicted in Figure 2 . For the non-delayed disturbing downstream signal to be orthogonal it needs to be cyclically extended so that it spans the whole range in (3). This is accomplished by using a cyclic suffix that is equal to or longer than the propagation delay A. Since there can be wires of different length in an access network, the cyclic suffix has to be as long as the delay in the longest wire-pair. Zipper is very flexible duplex scheme. This is because it uses a large number of sub-carriers to divide the capacity and these sub-carriers can be assigned dynamically (even after the system is installed and running). This gives the advantage that any desired ratio between up and downstream bit rates can be chosen at any time. The flexibility in subcarrier assignment also allows a Zipper based VDSL system to be spectrally compatible with other systems.
A valuable feature for VDSL systems is the ability to coexist in the same binder group as other systems, such as ADSL. A reasonable condition for coexistence between ADSL and VDSL is that neither system introduces NEXT to the other. This can be achieved if the both ADSL and VDSL transmit in the same direction in the common frequency band. With Zipper the lowermost sub-carriers, :hose where ADSL exists (under 2.0 MHz), may be partitioned such that only FEXT is introduced between ADSL and VDSL [ll] , as depicted in Figure 5 . Since Zipper uses DMT-modulation it is the bit-loading [12] that determines the bit rate of the system. The number of bits that can be loaded onto carrier number k is calculated as [E] where SNRk is the signal to noise ratio on carrier k , 'Ycode is the coding gain, I' is the "SNR-gap'" between the Shannon capacity and QAM-modulation [13] , and ymargin i;s the system margin. System margin is the additional amount of noise the system can tolerate without, exceeding the allowed bit error rate (BER).
By summing the riurriber of bits given by the bit1oadin.g we get the capacity 01 the system. Within the VDSL,frequency band there are certain frequency bands reserved for amateur radio users [a] , so called HAM-bands. To comply with thc regulations for usage of these bands we are not allowed to transmit within thcec bands. So the carriers that correspond An SNR-gap of 9.8 dB [13] is used to achieve a BER of approximately 10-7. to frequencies in the HAM-bands are not loaded with any bits.
Achievable bit rates have been calculated for different lengths of TP1 and TP2 wires [l] , for a target BER of The TP1 wire has a diameter of 0.4 mm and the TP2 wire has a diameter of 0.5 mm. Parameters used in the calculation are listed in Table 1 . Figure 6 shows achieva.ble (8:l) asymmetrical bit rates versus wire length for the case with only self-FEXT and AWGN as background noise. For wires shorter than 600 m there is no big difference between the two type of cable, but for longer wires the thicker TP2 cable gives higher bit rates. This is because self-FEXT is the dominating noise source for shorter wires and AWGN for longer wires. The TP2 wire attenuates the signal less than TP1, thus it attenuates FEXT less also, which gives almost the same SNR for both types of wire for shorter lengths. 
A . VDSL Environment
B.
The results for the second case, where Zipper coexists with 25 ADSL users in the same binder group; are shown in Figure 7 . The crosstalk models and ADSL spectral power mask are specified by ANSI in [l] . To make Zipper compatible with ADSL the lower sub-carriers are assigned as shown previously in Figure 7 . Figure 7 also shows the results for a case where the sub-carrier assignment is made in such a way that the two systems are not spectrally compatible (every ninth sub-carrier is used in the upstream direction). We can see that there is a clear advantage in making VDSL spectrally compatible with ADSL. But even when we avoid NEXT from the ADSL systems the performance is lower than in a clean VDSL-environment. This is because the power spectral density of the ADSL signal is 20 dB higher than for VDSL, so FEXT from ADSL will be much stronger FEXT from VDSL in the common frequency band.
C. ETSI noise model
With the ETSI background noise model "A" defined in [2] we get the performance shown in Figure 8 . The ETSI noise model includes AWGN and a mix of crosstalk from other existing services such as ADSL, HDSL, ISDN, etc. Comparing with Figure 7 we see that the performance with the ETSI model is not much different than the performance for the ADSL case. This is not completely unexpected since the power spectral density of the ETSI noise model resembles that of an ADSL system.
Mix of VDSL and ADSL
D.
As a worst case scenario we have added 8 broadcast radio interferers to the ETSI noise model "A". These 8 RFI signals are those specified by ETSI [2] Figure 9 show the performance for this case and Figure 10 shows the spectrum of the ETSI background noise plus the RFI signals at the customer location (after window and FFT). The bit rate performance showed to be just slightly lower than with only the ETSI noise model. Table 2 shows the maximum length the wires can have for certain bit rates (both symmetrical and asymmetrical), for all different noise scenarios. It should b e noted that HAM-radio interferers can be much stronger t h a n t h e broadcast interferers used in this case, but they c a n be almost completely cancelled with RFI- 
V . CONCLUSIONS
Zipper is a duplex method for VDSL that is very flexible d u e t o t h e m a n y sub-carriers that divides t h e capacity between t h e up-and downstream direction. This allows Zipper to b e spectrally compatiblle with other existing systems, such as ADSL.
In this paper we have evaluated t h e performance clf t h e Zipper duplex scheme. W e showed that it gives good bit r a t e performance in coexistence with ADSL systems. T h e scheme is also shown t o b e robust against RFI. T h e best performance is obtained in an environment with only VDSL- T h e authors wish to thank P a u l Petersen a n d Sarah K a t e Wilson for their help and comments o n this paper.
